We explore a fermionic dark matter model with a possible extension of Standard Model (SM) of particle physics into two Higgs doublet model. Higgs doublets couple to the singlet fermionic dark matter through a non renormalizable coupling predicting a new physics scale. We show the viability of such dark matter candidate by calculating the direct detection cross-section and relic density and comparing them with experimentally obtained results.
Introduction
The satellite borne experiments like Planck, WMAP etc. which study the anisotropies of cosmic microwave background radiations predict that around more than a quarter of the constituents of the universe is made of unknown dark matter. The recent Planck data suggest that the relic abundance for dark matter is within the range Ω DM h 2 = 0.1199 ± 0.0027 [1] , where h is the Hubble parameter normalised to 100 km s −1 Mpc −1 . There are also several ongoing terrestrial experiments for direct detection of dark matter. Although no dark matter is convincingly detected but there are recent claims of the observance of three potential dark matter signals by CDMS direct dark matter search experiment [2] . Earlier the DAMA/NAI dark matter direct search experiment also claimed to have observed the signature of the annual modulation of dark matter signal − a phenomenon that the dark matter direct search signal should exhibit due to the revolution of earth around the sun. The ongoing direct search experiments give an upper bound in σ scat − m χ plane where σ scat is the dark matter elastic scattering cross-sections off the target detector nucleon and m χ is the dark matter mass. Dark matter particles can also be trapped in a highly gravitating astrophysical objects and eventually undergo annihilation to produce γ's or fermion anti-fermion pairs. Such events should show up as excesses over the expected abundance of the particles in the cosmos (for instance in cosmic rays). Indirect searches of dark matter by detecting their annihilation products can be realised by looking for such excesses in the universe.
In fact the satellite borne experiments like Fermi-Lat [3] , AMS [4] or the earth bound experiments like H.E.S.S. [5] ,MAGIC [6] and also the Antarctica balloon-borne experiments like ATIC [7] look for gamma ray, positron or antimatter excesses.
Although the dark matter (DM) searches are being vigorously persued, the particle constituent of dark matter is not known at all. Various particle physics models for cold dark matter (CDM) are available in literature that include the popular candidate neutralino which is supersymmetry motivated, Kaluza Klein dark matter from theories of extra dimensions or other proposed theories from simple extensions of standard model (like adding a scalar singlet or an inert doublet and then imposing a discrete Z 2 symmetry that ensures the stability of the dark matter candidate) [8] . In this work we propose a new particle candidate for dark matter where we consider Two Higgs Doublet Model (THDM) [9] , and add a singlet fermion to the model. The dark matter candidate in this model is the singlet fermion. We then explore the viability of this singlet fermion for being a candidate for cold dark matter in the framework of THDM.
In a previous work [10] , a minimal model of fermionic singlet dark matter is proposed, where a fermion Lagrangian is added to the Standard Model Lagrangian. In this work however, we propose a new fermionic dark matter model in the framework of THDM. The stability of such a dark matter is ensured by assigning the baryon and lepton charge of the singlet fermion to be zero and the baryon and lepton number is conserved. Also a discrete symmetry is introduced between the Higgs doublets of THDM to avoid flavour changing neutral current (FCNC) processes [11] . The singlet fermion, the DM candidate in the present model, couples to both the higgs doublets through a dimension five coupling when a new physics scale Λ is introduced. In this work we explore the possibility that within the framework of this model, the fermion (added to the THDM) is a viable candidate for cold dark matter. We evaluate its direct detection cross-section, relic density and explore how the proposed fermionic candidate affects the collider bounds of THDM. We organise the paper as follows. In Section 2, we give the model and describe the model parameters. The aspect of possible collider physics phenomenology for the model is addressed in Section 3. In Section 4 we calculate the relic density of the dark matter candidate in our proposed model. The model parameters are constrained by comparing the calculated relic density with observational dark matter relic density data obtained from Planck/WMAP experiments. In Section 5, we calculate the spin independent direct detection scattering cross-section for the present dark matter candidate for different masses of dark matter. The model parameters are then further constrained by results obtained from dark matter direct detection experiments. Finally some concluding remarks and discussions are given in Section 6.
The Model
In the present work we add a singlet fermion with two Higgs doublet model. The singlet fermion χ in the resulting model, is the proposed candidate for dark matter. The Lagrangian for χ can be written as
In order to ensure the stability of χ, the dark matter candidate in the present singlet fermion dark matter (FDM) model, we assign zero baryon number and zero lepton number to the singlet fermion and assume baryon number and lepton number to be conserved [10] . The total Lagrangian of the model can be written as
where L int denotes the interaction Lagrangian. The two higgs doublet model is the most general non supersymmetric extension of Standard Model (SM) when another complex doublet of same hypercharge is added. The two higgs doublet model potential is expressed as
where both the doublet fields have non zero vacuum expectation values and a discrete symmetry (Z 2 ) is imposed in between the doublet fields in order to avoid FCNC processes. We consider a CP conserving two Higgs doublet model potential where all the parameters expressed in Eq. 3 are asummed to be real. In addition, the imposed discrete symmetry Z 2 will result in mainly four types of THDM namely type I, type II, lepton specific and flipped THDM depending on the coupling of fermions with the doublet fields. All the mentioned models will give rise to two charged Higgs fields (H ± ), two CP even scalar fields (h, H), one CP odd scalar (A) and three Goldstone bosons (G ± , G). The Higgs doublets Φ 1 and Φ 2 expressed in terms of physical states of the particles are written as [9] ,
where tan β(=
), is the ratio of the vacuum expectation values of both doublets and α is the measure of mixing between two CP even scalars. The terms c x and s x (x = α, β) denote cos x and sin x respectively.
The interaction Lagrangian, L int of dark matter fermion (Eq. 2) with Φ 1 and Φ 2 doublet fields is given by
where Λ is a high energy scale. Interaction of THDM sector with the DM candidate can be obtained easily from Eqs. 2-6. Without any loss of generality we assume both the Higgs fields couple equivalently to DM fermion. With this assumption we have g 1 = g 2 = g c in Eq. 6. Thus the necessary couplings of DM to Higgs particles h and H take the form
and
The interaction Lagrangian, L int in Eq. 6 also contains the quartic terms involving the DM fermions χ and the fields h, H, A and H + . The corresponding couplings are given by
Mass of the singlet fermion comes out to be
Following the smplified assumpiton (g 1 = g 2 = g c ) and using Eq. 8, fermion mass turns out to be
where
, is 246 GeV. As seen the new physics scale Λ determines the coupling of DM particle to THDM sector and contributes significantly to the singlet fermion mass. From Eq. 9 we can easily conclude that quartic couplings of dark matter to the Higgs sector are smaller with respect to the couplings expressed in Eq. 7.
As mentioned, the discrete Z 2 symmetry imposed between the Higgs doublets will result in four dfferent types of THDM. In this work we consider THDM of type I and type II. In type I THDM only one scalar doublet (say Φ 2 ) couples to the SM particles whereas in type II THDM, up type quarks couple to one Higgs doublet and down type quarks and leptons couple to the other. Higgs couplings to up type quarks, down type quarks and leptons in case of type I THDM are given as [11] 
where f denotes all SM fermions (up quarks, down quarks and leptons) respectively. In case of type II THDM, Yukawa couplings are
In the above u corresponds to up type quarks (u, c, t), d correspondns to down type quarks (d, s, b) and l represents three families of leptons (e, µ, τ ) respectively.
Couplings to the gauge bosons (V = W, Z) for THDM I and THDM II are same and given by [11] g
In Eqs. 11-13, m x (x = u, d, l etc) represents the mass of quarks or leptons and M W and M Z denote the masses of W and Z bosons respectively. In the present work, for type I and type II THDM, we consider h to be SM like Higgs boson with mass 125 GeV.
Collider physics phenomenology
The existence of a scalar boson of mass 125 GeV has been confirmed by Large Hadron Collider (LHC) [12, 13] . In this work we treat the new found scalar boson to be equivalent to one of the CP even scalars (h) appearing in THDMs. We further extend the model by including a possible fermionic dark matter candidate. This will necessarily affect the phenomenology of collider physics. If the dark matter mass is small (M ≤ m h /2) then one would expect an invisible deacy of SM like Higgs boson (h) and the total decay width will change depending on the coupling constant gχ χh and other THDM parameters α, β. Since both the scalar bosons couple to the DM fermion in the present framework, it is likely to expect a considerable change in the standard bounds on THDM sector as predicted by recent studies. The signal strength of SM like Higgs boson (h) to a specific channel for type I and type II THDM are given by [14] (a) (b) 
where f t = cos α sin β and f b = − sin α cos β and BR D (D ≡ THDM or SM as the case may be) denotes the branching ratio to a specific channel neglecting the contribution from charged bosons. The modified signal strength for THDM type I and THDM type II in presence of a fermionic dark matter of mass M ≤ m h /2 is written as . The modified signal strengths expressed in Eq. 15, as stated earlier will depend on THDM parameters α, β and the DM-h coupling gχ χh respectively and will constrain these parameters. The expression of DM-h coupling obtained from Eq. 7 indicates that the signal strength will effectively depend on α, β and g 0 . In Fig.  1a we present the allowed region of g 0 − sin α parameter space for THDM I + FDM with 1 ≤ tan β ≤ 20 values in the SM limit (R I = 1.0) whereas Fig. 1b shows similar region for R I = 0.5. It can be seen from Fig. 1 that for the latter case allowed parameter space increases significantly. In Fig. 2(a-c) we plot the same for THDM II + FDM model for three different values of R II , given as R II = 1.0, 0.5, 2.0. In case of THDM II + FDM model the allowed region of g 0 − sin α parameter space is reduced as the signal strength (R II ) becomes greater than unity. For low mass DM (M ≤ m h /2), Higgs to diphoton signal strength will also set an upper bound on g 0 and DM mass. In Fig. 3 we present the exclusion limits on DM mass M (M ≤ m h /2) and g 0 for THDM I + FDM and THDM II + FDM. The red lines appearing in the Fig. 3(a), 3(b) represent the bounds for the case R I/II = 1.0 whereas the green lines are the same for R I/II = 0.5 for both THDM I + FDM and THDM II + FDM models. The blue line appearing in Fig. 3b represents the case for R II = 2.0 when we consider THDM II + FDM model. The area below each of the curves is favoured for the respective cases mentioned above by the Higgs to γγ constraints measured using Eq. 15, whereas the area above each of those curves (red and green for THDM I + FDM, red, blue and green for THDM II + FDM) are not allowed by the h → γγ constraints mentioned above. It can be easily observed from the plots in Fig. 3 that for R I/II = 0.5 the upper bound on g 0 is relaxed in comparison with the same for R I/II = 1.0. It is also seen from Fig.  3 for R II = 2.0, the bound on g 0 is more constrained (blue line in Fig. 3b ) than for R I/II = 1.0. All the exclusion plots show a similar nature and maximum attainable value of g 0 (g max 0 ) remains almost constant for low mass region independent of the choice of R I/II values. It then starts increasing with the increase in DM mass. As DM mass approaches m h /2 − the Higgs pole region − upper limit on g 0 is relaxed and it can attain value 1. Since gχ χh = g 0 sin(β − α), it is likely to conclude that g 0 is also the upper bound of the gχ χh coupling in the SM limit when sin(β − α) = 1. However, for the case when DM candidate is massive (M > m h /2), then there would not be any significant change in the THDM parameter space as the decay of SM like Higgs to DM will be disallowed kinematically. Hence, for M > m h /2 the allowed range of parameter space is independent of the coupling g 0 and will be constrained by THDM parameters α, β [16] .
DM annihilation and relic density
In order to evaluate the relic density of the fermionic dark matter candidate proposed in this work one needs to solve the Boltzmann equation [17] dn dt
where n is the actual number density of the particle species, H is the Hubble parameter and n eq is the number density at thermal equilibrium. An approximate expression for relic density Ω or Ωh 2 (h = H/(100 kms −1 Mpc −1 )) that can be obtained from Eq. 16 is given by
where x F = M/T F , g * is effective degrees of freedom and M Pl = 1.22 × 10 19 is the Planck mass. The particle physics input to Eqs. 16,17 is the thermal averaged annihilation cross-section σv and one needs to calculate this quantity for the present fermionic dark matter candidate in our model. Also it is required to evaluate the freeze out temperature T F for the species considered here in order to compute the relic density given in Eq. 17. The freeze out temperature T F is determined from the iterative solution of the equation
It is therefore essential to calculate the the annihilation cross-section of the dark matter candidate. The freeze out temperature thus obtained is then used to evaluate the relic density. Dark matter candidates in the present model annihilate to SM particles through h or H since quartic interactions are small and their contribution to annihilation are negligible. The total annihilation crosssection σv can be expressed as a sum of the three terms
In Eq. 19, Γ h and Γ H are decay widths of light Higgs (h) and heavy Higgs particle (H) respectively. We set the light Higgs mass m h to be 125 GeV and the heavy Higgs mass m H is assumed to be 360 GeV in this work. These values are consistent with recent bounds on THDM sector [16] . The terms A, B and C in the expression for σv (Eq. 19) in case of THDM I are given as
For THDM type II, the expressions for A, B and C are
In all the above expressions
) and N c = 3 for quarks. Thermal average of pair annihilation cross-section of DM to SM particles is given by
where K 1 and K 2 are modified Bessel functions and T F is the freeze out temperature of the DM candidate.
Using Eqs. 19 -26, the annihilation cross-section σv are evaluated for both the THDM I + FDM and THDM II + FDM models. The model parameters g 0 , α and β are varied for different dark matter masses to obtain σv in order to solve Eq. 18 iteratively and subsequently obtain the relic densities using Eq. 17 for each set of choice of parameters. The range of parameters are initially chosen from the g 0 − sin α parameter space of h → γγ decay for both the THDM I + FDM and THDM II + FDM models as discussed in Section 3 and shown in Figs. 1, 2 for the chosen range of tan β. As mentioned earlier, for M > m h /2 the branching ratio of SM like Higgs boson is same as that of THDM's and hence the bounds on type I and type II THDM will remain invariant in this scenario. Parameters α and β are highly constrained from the experimental bounds on THDM sector [16] . On the other hand for M ≤ m h /2, we use the allowed parameter space obtained from the collider phenomenology of Higgs to diphoton discussed in Section 3. The range of β is also fixed by 1 ≤ tan β ≤ 20 as chosen in Section 3.
The calculated relic densities are then compared with Planck experimental results for relic density. Thus we constrain the parameters of our model which in fact give the allowed THDM parameters and also the couplings of the chosen fermionic dark matter candidate. We thus obtain the parameter values for different dark matter masses allowed by Planck relic density data. 
Direct detection measurements
Direct detection of dark matter is based on the fact that DM particle interacts with the nucleon of the detecting material. The elastic scattering causes the recoil of the target nucleus or nucleon. This recoil energy is measured to determine the scattering cross-section and dark matter mass. The spin independent elastic scattering cross-section is given as
In the above, m r is the reduced mass =
, where m N is the mass of the scattering nucleon usually taken to be proton or neutron and g N N x (x = h or H) denotes the effective Higgs nucleon couplings expressed as [18] g N N h (1.217k
For THDM I, parameters k h u and k h d in Eq. 28 are given as
For THDM II these parameters are
Using Eqs. 28 -30 and Eq. 7, the spin independent scattering cross-section reffered in Eq. 27 can be written as
In Fig. 5 we present the spin independent direct detection cross-section as a function of dark matter mass. With the allowed values of the coupling parameters obtained from Fig. 4 (and Section 4), we compute the σ SI given in Eq. 31. Experimental bounds on spin independent direct detection crosssection obtained from XENON100 [19] and SIMPLE [20] experiments are illustrated by solid blue line and pink line. The experimental direct detection bounds reveal that the proposed extension of type I THDM with a femionic dark matter is almost excluded by XENON100 except the Higgs pole regions. In the SM like condition when sin(β − α) approaches unity heavy Higgs pole dissappears and only SM Higgs pole satisfies direct detection bounds achieved from Xenon100. However, for the model with type II THDM and a fermionic dark matter we find that for parameter choice α = −30,β = 65, the variation of σ SI with M is mostly disfavoured by XENON100 data. But for the set α = 20,β = 65, the σ SI vs M plot in the model is allowed by XENON100 data (as also by the SIMPLE result). This is due to the fact that for parameter set I, β − α = 95 90. Hence this set is almost equivalent to SM and the σ SI vs M will also be similar to the case of singlet fermion. Since for low mass dark matter, g 0 cannot exceed a certain maximum (obtained from h → γγ results discussed in Section 3), some of the allowed results will be eliminated.
Discussions and Conclusions
In this work we presented a model of fermionic dark matter extending the standard model of particle physics into a two Higgs doublet model. The model conserves baryon and lepton number and baryonic and leptonic charge of the fermionic dark matter candidate is taken to be zero. This ensures the stability of the present dark matter candidate. The fermionic DM in the model can annihilate through Higgs mediated channel and couples to both the CP even Higgs particles appearing in THDM. We have explored two different types of THDMs namely THDM I and THDM II and assumed that the new found scalar boson at LHC is one of the two CP even Higgs occuring in THDM. We found the results of h → γγ process obtained from ATLAS and CMS, set an upper bound on DM-Higgs coupling for low mass dark matter when the dark matter mass M ≤ m h /2 (m h being the mass of the scalar boson discovered at LHC). Analysis of these models reveal that the fermionic dark matter in both the models (THDM I + FDM and THDM II +FDM) satisfy the observed relic abundance for a selected model parameter space (basically different couplings) that are allowed by h → γγ process. The elastic scattering cross-section of the dark matter off a nucleon in both the models (direct detection crosssection) are then caculated. The coupling parameter values are those allowed values required to obtain the observed relic density. A comparison of the calculated scattering cross-section for different dark matter mass with the experimental results such as XENON100 indicates that the dark matter in the THDM I + FDM is almost ruled out by XENON100 bound. But the dark matter in the other model namely THDM II + FDM is allowed by XENON100 data for a choice of parameter set within the values allowed by both h → γγ bound and observational relic density bound. Therefore the fermionic dark matter in THDM II + FDM appears to be a viable dark matter model that can generate the observed dark matter relic density in the universe and also satisfies the most stringent bound by direct dark matter detection experiment. This also produces the allowed values of coupling parameters for the dark matter candidate.
